timescales [11] [12] [13] [14]. Heteronuclear spin relaxation measurements commonly identify regions of proteins that Sweden experience conformational fluctuations on a timescale of microseconds to milliseconds, but detailed analyses of the microscopic time constants and the structural Summary nature of the exchange process have so far been rare [15] [16] [17] [18] . Recent developments in NMR enable character-Background: Calmodulin is a ubiquitous Ca 2ϩ -actiization of conformational exchange with correlation vated regulator of cellular processes in eukaryotes. The times as short as ‫01ف‬ s in solution, using off-resonance structures of the Ca 2ϩ -free (apo) and Ca 2ϩ -loaded states rotating-frame 15 N spin relaxation [19] [20] [21] [22] . In the present of calmodulin have revealed that Ca 2ϩ binding is associstudy, we have utilized this method to characterize the ated with a transition in each of the two domains from dynamics of a large-scale transition between folded a closed to an open conformation that is central to target conformations in the C-terminal domain of calmodulin recognition. However, little is known about the dynamics (CaM). of this conformational switch.
mental data acquired several months apart and on different samples, are mutually consistent.
Equation (12) is derived for the fast exchange limit ex ␦ ϽϽ 1. The optimized parameters obtained here (see below) yield ex ␦ Ͻ 0.1 in all cases, suggesting that the fast exchange limit is fulfilled. We investigated further the extent of agreement between actual and optimized parameters by simulating off-resonance R 1 relaxation data using the homogeneous Bloch-McConnell equations [49] [50] [51] [52] using MATLAB (The MathWorks, Inc.), and subsequently fitting equation (12) against the simulated data (J. E. and M. A., unpublished data). The simulations indicate that for the ranges of ex and φ values reported here [13-46 s and (0.02 Ϫ 2) ϫ 10 6 s Ϫ2 , respectively] the results should be accurate to within 15% ( ex ) and 12% (φ). These maximal errors are obtained for heavily skewed populations, p o ϭ 0.9, and large chemical shift differences, |⌬␦| ϭ 10 ppm, while for more equal populations and smaller chemical shift differences the errors are substantially smaller. Thus, for the large majority of residues (see below) the systematic error is within 5% for both ex and φ, which is less than the estimated random errors of ‫.%06-%6ف‬ Faster exchange processes ( ex Ͻ 5 s) are not subject to misinterpretation, because they do not yield appreciable dispersion, given the effective fields used in the present study. In summary, the simulations validate the exchange parameters extracted using equation (12) .
Residue-Specific Exchange Time Constants
The resulting values of ex are shown as a function of amino acid sequence in Figure 2a . The ex values range between 13 and 46 s, with a weighted mean of Ͻ ex Ͼ ϭ 21 and weighted uncertainty of Ͻ Ͼ ϭ 3 s. The well-defined mean exchange time constant for the opening-closing process corroborates earlier estimates of ex ‫02-71ف‬ s [43] . Although the majority of residues exhibit values of ex ‫02ف‬ s, the results suggest that there is a significant variation in ex between different in site-to-site variability in ex , denoted ⌳, through the relationship Z 2 ϭ 1 ϩ (⌳/Ͻ Ͼ) 2 [53] . Here, Z ϭ 1.50, corresponding to ⌳ ϭ 3.2 s. We analyzed the variation The optimized values of R 1opt and R 0 2opt agree with the in ex in more detail by partitioning objectively the 42 experimentally determined values R 1 and R 0 2 [43] to residues into three different groups using cluster analywithin the experimental errors, yielding mean deviations sis based on hill-climbing algorithms [54] , modified to of ϽR 1opt Ϫ R 1 Ͼ ϭ Ϫ0.01 Ϯ 0.02 s Ϫ1 and ϽR 0 2opt Ϫ R 0 2 Ͼ ϭ weight each datum by its estimated uncertainty. The Ϫ0.02 Ϯ 0.08 s Ϫ1 . This observation indicates that the resulting three groups indicated in Figure 2 have the following weighted mean values of ex : 18.5 Ϯ 2.6 s different sets of relaxation rates, obtained from experi-faster than that studied here. It is thus likely that the conformational transition can be initiated from a large number of substates, such that there exists a multitude of possible paths across the energy landscape connecting the two basins. (Note, however, that the transition process does not involve a significant population of unfolded molecules, as gauged from the fast timescale [ps-ns] order parameters [43] .) Because the 15 N chemical shift is sensitive primarily to local interactions [57] , the chemical shift modulation that is studied in the present experiment reflects mainly local conformational changes. Based on these considerations, we propose that the distribution of residue-specific ex values may reflect ensemble-averaged hierarchical formation of local structure characteristic of the open and closed basins. Further experiments conducted over a range of temperatures and static magnetic fields will be needed to address this issue.
Relative Populations and Chemical Shift Differences
The quadratic dependence of φ on the chemical shift difference between the exchanging conformations results in a wide range of values, φ ϭ (0.02-2) ϫ 10 6 s -2 , c.f. Equation (4). The φ parameter encapsulates both the populations and the chemical shift difference, and these two terms are not directly separable in the present analysis. However, we compared φ 1/2 and the absolute cient of the data is r c ϭ 0.66. However, a variation in ex between different groups of residues likely implies a Evaluating the distribution of Z for each of the three groups indicates that there is no significant site-to-site variation also in the effective populations. A substantially better correlation is obtained if we consider only variability within these. It should be noted that the statistical significance of results obtained from cluster analy-the red group (22 residues, excluding I100 and I130, as explained below), which contains residues with well-ses is not readily assessed in a formal manner [54] . Here, the cluster analysis is not applied to evaluate different determined exchange parameters and the largest variation in φ. In Figure 4 , the residues are color coded by ex groups in the apo and Ca 2ϩ -loaded structures of wt-Tr 2 C. Certain to the rate of ion release [42]. The similarities between patterns can be identified from the spatial distribution known about the dynamics of these transitions. The ultimate goal of understanding protein function from a of residues belonging to the different groups. Residues belonging to the red group are primarily located on the molecular perspective requires that the dynamic processes and energy landscape of structural changes be surface of the protein (Figure 4 ). In addition, the red group includes the central residues of the ␤ sheet, I100 investigated. CaM is a ubiquitous Ca 2ϩ -activated regulator of nu-and V136, as well as a cluster of residues, I85, M109, L116, and M145, located at the "bottom" (in the view of merous cellular processes in eukaryotic organisms. Ca 2ϩ binding to CaM triggers a structural transition in Figure 4 ) of the hydrophobic core in the apo structure (Figure 4a) . The latter cluster is not present in the Ca 2ϩ -each of its two domains from a closed (inactive) to an open (active) conformation that is central to target rec-loaded structure, although the interactions are maintained between residues I85 and M145 and between ognition. Here, we have used NMR relaxation experiments to characterize the dynamics of this transition in M109 and L116 (Figure 4b) . Similar observations are made for the green group: F89 packs against V108, a model system-the E140Q mutant of the C-terminal domain of CaM. forming a hydrophobic cluster together with L112 in the apo state (Figure 4a) 
Rate Constants of the Opening and Closing Processes

At point a, a water-selective 1 H 90Њ pulse is applied as a rectangular pulse ( 1 ‫521ف‬ Hz). At point b, a 5 ms hyperbolic secant-shaped amplitude-modulated adiabatic pulse is applied off-resonance along the x axis to rotate the z magnetization into alignment with the effective field. During the relaxation delay T, a 15 N off-resonance spin-lock field is applied by continuous-wave irradiation. An even number of relaxation cycles are employed with a 1 H 180Њ pulse applied in the middle of each cycle as an ‫045ف‬ s cosine-modulated rectangular pulse [85] with excitation maxima positioned 2 kHz from the carrier (on water). Following the relaxation delay, a second reversed adiabatic pulse is applied to bring the magnetization back to the z axis. To ensure the same amount of heating of the sample in all experiments, a compensating spin-lock field of length TЈ ϭ T max Ϫ T is applied far off-resonance (300 kHz) in the beginning of each recycle delay. In all experiments, T max was set to 500 ms and the recycle delay (D) to 2 s. The delays
but not in the Ca 2ϩ -loaded state
The conformational transition occurs with a mean time constant of Ͻ ex Ͼ ϭ 21 Ϯ 3 s. The results suggest (Figure 4b) . The green group includes several residues located in helix F. The different sides of helix F and to that ex varies significantly between different groups of residues and that residues with similar values exhibit some extent also helix E are characterized by different ex values (red and green groups; Figure 4 ). Finally, the spatial proximity in the structures of apo and/or Ca 2ϩsaturated wild-type CaM. These observations suggest blue group comprises six residues that all have large uncertainties in ex . Three residues of the blue group are that the conformational exchange involves locally collective processes, which depend on the structural topol-located in the very center of the core; the side chains of L105, I125, and F141 form a hydrophobic cluster in ogy. Transition rates were estimated for a subset of residues, yielding k o ϭ (2.7 Ϯ 1.0) ϫ 10 4 s Ϫ1 . Comparisons the apo structure (Figure 4a ). In the Ca 2ϩ -loaded state, the side chain of F141 has a totally different orientation, with previous results indicate that similar processes occur also in the wild-type protein. The measured rates while L105 and I125 are still packed together ( Figure  4b ). G134, situated in loop IV, interacts only with I125 match the estimated Ca 2ϩ off-rate, suggesting that Ca 2ϩ release may be gated by the conformational dynamics. in the Ca 2ϩ -saturated state, and it does not pack against any other residue of the blue group in the apo state.
Structural interpretation of estimated chemical shifts suggests a mechanism for ion release. . In order to assess the statistical significance of any obtained relaxation dispersion, an additional fit remaining magnetization is returned to the z axis using a reverse adiabatic pulse, and the 15 N carrier frequency is switched back to was performed that excluded the conformational exchange parameters φ and ex (i.e., only two optimized parameters, R 1opt and R 0 2opt , the value corresponding to the midpoint of the 15 N spectrum. In other respects, this 15 N off-resonance R 1 experiment is virtually were used in this fit). F-statistical testing was used to select between the two-and four-parameter models [48] . identical to the 15 N R 1 experiment described previously [78] . The recycle delay between transients was 2.3 s, including the acquisition period. 15 N decoupling during acquisition was achieved using the
The blue group also includes two residues (G113 and E119) in the linker region that do not exhibit contacts
